The mitochondrial calcium uniporter is a Ca 2+ -activated Ca 2+ channel complex mediating mitochondrial Ca 2+ uptake, a process crucial for Ca 2+ signaling, bioenergetics, and cell death. The uniporter is composed of the pore-forming MCU protein, the gatekeeping MICU1 and MICU2 subunits, and EMRE, a single-pass membrane protein that links MCU and MICU1 together. As a bridging subunit required for channel function, EMRE could paradoxically inhibit uniporter complex formation if expressed in excess. Here, we show that mitochondrial mAAA proteases AFG3L2 and SPG7 rapidly degrade unassembled EMRE using the energy of ATP hydrolysis. Once EMRE is incorporated into the complex, its turnover is inhibited >15-fold. 2+ concentration around the uniporter above 1 μM, the channel opens to allow Ca 2+ uptake into the matrix driven by the large negative membrane potential of the IMM (1, 2). Such Ca 2+ -dependent activation allows the uniporter to contribute to cytoplasmic Ca 2+ buffering and thus to shape the spatial and temporal dimensions of intracellular Ca 2+ signals. Moreover, the uniporter can enhance mitochondrial ATP output by raising matrix Ca 2+ and can also induce apoptosis by importing excessive Ca 2+ to trigger the mitochondrial permeability transition (3, 4). Thus, this channel translates cellular Ca 2+ signals into metabolic or death responses. The uniporter complex is a molecular assembly of at least four subunits: MCU, MICU1, MICU2, and EMRE (Fig. 1A) . The MCU protein, which pentamerizes to form a Ca 2+ -selective pore, contains two transmembrane helices (TMHs) connected by a signature DIME loop thought to contribute to Ca 2+ selectivity (5-7). MICU1-MICU2, a peripheral membrane protein heterodimer facing the intermembrane space (IMS), serves as the Ca 2+ sensor that confers Ca 2+ -dependent opening to the MCU pore (1, 2, 8, 9 ). EMRE, a single-pass membrane protein, is required for Ca 2+ permeation, for reasons still unknown (10). EMRE bridges the pore to the Ca 2+ sensor by binding to MCU through their TMHs, and to MICU1 via its C-terminal polyaspartate tail (11). Disrupting the EMRE-MICU1 interaction leads to MICU1-MICU2 loss from the uniporter complex, yielding a constitutively open MCU-EMRE subcomplex (11); chronic Ca 2+ leakage through these underregulated channels uncouples respiration from ATP synthesis and reduces the threshold for the onset of apoptosis, a situation linked to severe brain and muscle disorders in humans (12).
The mitochondrial calcium uniporter is a Ca 2+ -activated Ca 2+ channel complex mediating mitochondrial Ca 2+ uptake, a process crucial for Ca 2+ signaling, bioenergetics, and cell death. The uniporter is composed of the pore-forming MCU protein, the gatekeeping MICU1 and MICU2 subunits, and EMRE, a single-pass membrane protein that links MCU and MICU1 together. As a bridging subunit required for channel function, EMRE could paradoxically inhibit uniporter complex formation if expressed in excess. Here, we show that mitochondrial mAAA proteases AFG3L2 and SPG7 rapidly degrade unassembled EMRE using the energy of ATP hydrolysis. Once EMRE is incorporated into the complex, its turnover is inhibited >15-fold. Protease-resistant EMRE mutants produce uniporter subcomplexes that induce constitutive Ca 2+ leakage into mitochondria, a condition linked to debilitating neuromuscular disorders in humans. The results highlight the dynamic nature of uniporter subunit assembly, which must be tightly regulated to ensure proper mitochondrial responses to intracellular Ca 2+ signals.
EMRE | MCU | mAAA protease T he mitochondrial calcium uniporter complex is a Ca
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-activated Ca 2+ channel in the inner mitochondrial membrane (IMM). It is closed at resting cellular Ca 2+ concentrations (∼100 nM). However, when a cytoplasmic Ca 2+ signal impinges upon mitochondria, raising Ca 2+ concentration around the uniporter above 1 μM, the channel opens to allow Ca 2+ uptake into the matrix driven by the large negative membrane potential of the IMM (1, 2) . Such Ca 2+ dependent activation allows the uniporter to contribute to cytoplasmic Ca 2+ buffering and thus to shape the spatial and temporal dimensions of intracellular Ca 2+ signals. Moreover, the uniporter can enhance mitochondrial ATP output by raising matrix Ca 2+ and can also induce apoptosis by importing excessive Ca 2+ to trigger the mitochondrial permeability transition (3, 4) . Thus, this channel translates cellular Ca 2+ signals into metabolic or death responses. The uniporter complex is a molecular assembly of at least four subunits: MCU, MICU1, MICU2, and EMRE (Fig. 1A) . The MCU protein, which pentamerizes to form a Ca 2+ -selective pore, contains two transmembrane helices (TMHs) connected by a signature DIME loop thought to contribute to Ca 2+ selectivity (5-7). MICU1-MICU2, a peripheral membrane protein heterodimer facing the intermembrane space (IMS), serves as the Ca 2+ sensor that confers Ca 2+ -dependent opening to the MCU pore (1, 2, 8, 9) . EMRE, a single-pass membrane protein, is required for Ca 2+ permeation, for reasons still unknown (10) . EMRE bridges the pore to the Ca 2+ sensor by binding to MCU through their TMHs, and to MICU1 via its C-terminal polyaspartate tail (11) . Disrupting the EMRE-MICU1 interaction leads to MICU1-MICU2 loss from the uniporter complex, yielding a constitutively open MCU-EMRE subcomplex (11); chronic Ca 2+ leakage through these underregulated channels uncouples respiration from ATP synthesis and reduces the threshold for the onset of apoptosis, a situation linked to severe brain and muscle disorders in humans (12) .
It has been shown that in a protein complex A-B-C, excessive expression of the bridging subunit B can lead to accumulation of nonproductive subcomplexes A-B and B-C, a phenomenon known as the "prozone" effect (13) (14) (15) . Similarly, a surplus of EMRE could sequester its two binding partners in EMRE-MICU1 and EMRE-MCU subcomplexes, thus inhibiting assembly of the properly Ca 2+ -regulated MCU-EMRE-MICU1-MICU2 complex (Fig. 1B) . This problem would be mitigated if any unassembled EMRE were rapidly degraded. Interestingly, previous work shows that MCU knockout (KO) greatly reduces steady-state EMRE expression in HEK293 cells (10) , as if these cells possess a mechanism to maintain balanced MCU and EMRE expression levels.
This work examines how cells control EMRE abundance and aims to understand the physiological importance of coordinating EMRE levels with those of other subunits in the channel complex. Using genome editing, we substituted native uniporter proteins with mutants of defined functional properties and quantified the effects of these maneuvers on the kinetics of EMRE turnover. The results demonstrate that the mAAA proteases SPG7 and AFG3L2 selectively digest uncomplexed EMRE. Expression of protease-resistant EMRE mutants leads to accumulation of constitutively active MCU-EMRE subcomplexes through which Ca 2+ leaks into the mitochondrial matrix. These results provide molecular insight into the regulatory network that ensures proper assembly of the uniporter complex, required for accurate responses of mitochondria to the intracellular Ca 2+ signaling system.
Results
Degradation of EMRE by mAAA Proteases. Knocking out MCU (MCU KO) is known to greatly reduce EMRE expression in HEK293 cells (10) . To pursue this finding further, we depleted
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Mitochondrial Ca 2+ regulates several basic biological functions, including the efficiency of mitochondrial ATP production and the onset of mitochondria-mediated cell death. Ca 2+ uptake into mitochondria is mediated by the "mitochondrial calcium uniporter," a multisubunit Ca 2+ channel complex made of four proteins: MCU, EMRE, MICU1, and MICU2. This work reveals a proteolytic pathway that maintains stoichiometrically balanced MCU and EMRE levels in the inner mitochondrial membrane. Without this mechanism, uniporter subunits can assemble into a dysfunctional subcomplex that perturbs mitochondrial Ca 2+ homeostasis by constitutively loading Ca 2+ into the matrix. The results provide new insights into the regulation of the uniporter function crucial for multicellular organisms to handle the highly dynamic intracellular Ca 2+ signaling network.
MCU to various degrees in HEK293 cells using shRNA or CRISPR KO, observing correspondingly lower EMRE expression (Fig. 1C) . A similar effect in HeLa and SY5Y cells (Fig. 1D) suggests that MCU dependence of EMRE expression is a general feature of human mitochondria. All following experiments use HEK293 cells to investigate this phenomenon. As in previous work (10) , MCU deletion has no effect on EMRE mRNA levels ( Fig. S1 ), implying that EMRE expression is reduced via posttranscriptional regulation. Indeed, we observed a strong effect of MCU expression on EMRE degradation rate (Fig. 1E) . Following block of protein synthesis in WT cells, EMRE is lost with half-time (τ 1/2 ) of roughly 8 h, but in the absence of MCU it is rapidly degraded (τ 1/2 ∼30 min). (Our working MCU-KO line harbors multiple copies of the WT EMRE gene to permit quantifiable EMRE expression.) Mitochondria harbor several proteases, some of which require ATP to catalyze substrate digestion (16) . ATP-depleted mitochondria isolated from MCU-KO cells exhibit slow EMRE turnover (τ 1/2 >4 h, Fig. 2A ), which is accelerated by respiratory substrates, an effect fully reversed by carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), an uncoupler that inhibits ATP synthesis ( Fig. 2A) . Thus, proteolytic destruction of EMRE is an ATP-dependent process. In mitochondria, the ATP-dependent mAAA proteases SPG7 and AFG3L2, and the iAAA protease YME1L1 are anchored to the IMM (16) . Knockdown (KD) of either SPG7 or AFG3L2, but not of YME1L1, substantially slows EMRE breakdown in MCU-KO cells (Fig. 2 B and C and Fig. S2 ), indicating that EMRE is a substrate of the mAAA proteases.
The catalytic domains of mAAA proteases reside in the matrix, where they bind aqueous-exposed regions of IMM proteins to initiate proteolysis (17, 18) . Thus, deleting the matrix-exposed N terminus of EMRE should inhibit its degradation. Previous work has shown that N-or C-terminal deletion of EMRE does not disrupt its interactions with MCU or the formation of functional channels (11) . Accordingly, we expressed N-or C-truncated EMRE in MCU/ EMRE double KO (ME-KO) cells, and indeed ΔN-EMRE, but not ΔC, becomes resistant to proteolysis (Fig. 2D ). ME-KO cells are henceforth used for all cycloheximide-chase experiments.
Selective Degradation of Unassembled EMRE. How does MCU suppress EMRE degradation? One possibility is that MCU mediates a transmembrane Ca 2+ signaling pathway that inhibits mAAA proteases. This idea is untenable, however, because a nonconducting MCU pore mutant, E264A, still protects EMRE (Fig. S3) . Moreover, a Caenorhabditis elegans MCU homolog (ceMCU), which functionally expresses in the IMM (11) but does not bind human EMRE (Fig. 3A) , fails to inhibit EMRE turnover (Fig. 3B) . It thus appears that MCU must complex with EMRE to prevent rapid EMRE degradation. Our previous work established that MCU and EMRE interact with each other through TMHs in both proteins (11) . Accordingly, we transplanted the TMHs of human MCU into the corresponding regions of ceMCU, producing a chimera (CbHt-MCU) that gains the ability to bind human EMRE (Fig. 3A) . This mutant, just like human MCU, greatly prolongs the half-life of EMRE (Fig. 3B) . It is also known (11) that point mutations S85W in EMRE or A241F in MCU abolish the MCU-EMRE interaction. As Fig. 3 C and D show, each of these mutants expressed along with its WT partner produces rapid degradation of EMRE; a control EMRE mutant (L83W), near to S85W in the TMH and known to complex with MCU (11), is protected from degradation. These results strongly argue that EMRE, once complexed with MCU, becomes a poor substrate for mAAA proteases.
Why is the MCU-bound form of EMRE resistant to proteolysis? A possible explanation is that complexation with MCU blocks a protease recognition site in EMRE's N terminus. Because mAAA proteases are known to recognize unstructured regions of matrix-exposed domains rather than specific sequences (17, 18) , this scenario is unlikely, but is nevertheless worth testing by examining turnover of EMRE variants expressed alone without MCU. Accordingly, EMRE's N-terminal sequence was scrambled or replaced with a random, unstructured sequence (Fig. 4A ). These maneuvers, aimed at destroying any protease-recognition sites, fail to retard degradation of unassembled EMRE (Fig. 4A) , thus refuting the idea that MCU protects EMRE by shielding a degradation signal.
An alternative possibility considers that noncovalent interactions between MCU and EMRE increase the energy requirement for mAAA proteases to extract EMRE from the membrane. In principle, this additional energy demand could raise a kinetic barrier for its degradation. This idea predicts that enhancing the interaction of uncomplexed EMRE with the lipid bilayer should also reduce its degradation rate. Accordingly, R69 and P76, the two amino acids in EMRE's TMH with the lowest tendency to enter lipid bilayers (19, 20) , were substituted with more hydrophobic side chains. These mutants, R69A, P76A, and P76I, are fully functional (Fig. S4) , and they are three-to eightfold less susceptible to proteolysis than WT (Fig. 4B) . These mutational effects are counteracted by introducing less hydrophobic residues into the TMH; degradation of P76A EMRE becomes faster when F71, I73, or I75 is replaced by Ala or Pro (Fig. 4C and Fig. S4 ).
Physiological Rationale for EMRE Degradation. As proposed above, excessive EMRE expression could in principle promote accumulation of unregulated, Ca 2+ -leaky MCU-EMRE subcomplexes due to the prozone effect (Fig. 1B) . To test this idea, we transfected WT cells with a WT EMRE vector in hopes of overexpressing EMRE, but the protein level remained unaltered despite the >30-fold increase in mRNA (Fig. S5) . In contrast, transfecting EMRE along with MCU leads to enhanced expression of both proteins (Fig. S5) , consistent with the observation that cells actively maintain balanced MCU and EMRE levels. A significant excess of EMRE could be achieved, however, by using the protease-resistant mutant described above, P76A, which expresses to a level ∼3-fold higher than WT (Fig. 5A) . The lower-hydrophobicity control mutant P76A+F71P, however, is expressed to slightly less than WT level (Fig. 5A) , presumably due to its rapid degradation kinetics.
With the ability to manipulate abundance of functional EMRE in the IMM, we can now ask how excessive EMRE affects the population of the MCU-EMRE subcomplex, which, in contrast to the full uniporter, transports Ca 2+ at submicromolar concentrations. WT or P76A EMRE was expressed in WT cells, and uniporter-mediated mitochondrial 45 Ca 2+ uptake was followed. Surprisingly, no uniporter activity was detected at 0.5-μM Ca 2+ even with this EMRE excess (Fig. 5B) , indicating that enough MICU1-MICU2 gatekeeper is present in most uniporter complexes to keep channels shut at low Ca 2+ . In contrast, cells devoid of MICU1 regulation (MICU1 KO) exhibit rapid mitochondrial Ca 2+ uptake under the same conditions (Fig. 5B) . This failure to detect Ca 2+ leak through MCU-EMRE subcomplexes under EMRE-overexpression conditions can be rationalized if native MICU1 is much more abundant than EMRE in HEK293 cells. To test this possibility, cell lines were established with various degrees of MICU1 KD. With MICU1 depleted to ∼35% of WT, mitochondria begin taking up Ca 2+ at 0.5 μM (Fig.  S5 ), indicating that under this condition, the MICU1 level becomes insufficient to equip all uniporters. We then expressed WT, P76A, or P76A+F71P EMRE in these MICU1-KD cells. At 30 μM Ca 2+ , all channels, relieved from MICU1 inhibition, show similar activity (Fig. 5C ). In contrast, at 0.5-μM Ca 2+ , uniporter activity, detectable because of MICU1 KD, is little affected by WT or P76A+F71P EMRE, but is greatly increased by P76A (Fig. 5D ). This result indicates that this protease-resistant mutant expands the population of the MICU1-free, MCU-EMRE subcomplex. The mutant, as expected, fails to further enhance uniporter Ca 2+ transport (0.5 μM Ca 2+ ) in MICU1-KO cells (Fig. 5E) . Accumulation of uniporter subcomplexes was assessed biochemically by blue native PAGE analysis (Fig. 5F ). Consistent with previously observations (10), our results show that the full uniporter complex and the MICU-free subcomplex migrate at ∼500 kDa and ∼400 kDa, respectively. The uniporter in MICU1-KD cells (the cell line used in Ca 2+ flux experiments above) is predominantly in the full-complex form (lane 4), recapitulating the observation that these cells have only a slight deficiency of MICU1 to cover all uniporters. Strikingly, expressing P76A-EMRE, but not P76A+F71P-EMRE, reduces the population of the full complex by ∼50%, while greatly increasing the MICUfree subcomplex band (lanes 5 and 6). These results corroborate the idea that excessive EMRE can perturb the formation of the Ca 2+ -regulated, full uniporter complex.
Discussion
Many essential biological processes are mediated by multisubunit protein complexes. The gene-balance hypothesis posits that unbalanced subunit expression can perturb complex formation, thus lowering organismal fitness (21) . Large-scale proteomic analysis demonstrates that cells rectify such imbalances mostly by posttranslational responses (22, 23) . However, the molecular mechanisms underlying these responses are largely unknown. The key finding here is that mAAA-type proteases distinguish the uncomplexed and MCU-bound forms of EMRE, selectively degrading the former to promote the balanced MCU and EMRE expression required for correct assembly and function of the channel complex (Fig. 6) .
In digesting uncomplexed EMRE, the mAAA proteases use the energy of ATP hydrolysis to remove the protein's TMH from In ΔC-EMRE, residues 86-107 were substituted by a C8 sequence (PRGPDRPEGIEE). The ΔN and ΔC proteins were detected by C-terminal EMRE and N-terminal C8 antibodies. Red dashed lines in C and D show degradation of WT EMRE in MCU-free conditions (data from Fig. 1E ).
the membrane (24, 25) . Once EMRE is assembled into the complex, its molecular interactions with MCU, which must be disrupted for successful membrane extraction, can in principle raise a kinetic barrier to proteolysis. Indeed, results here strongly suggest that the energetics of transmembrane helix partitioning in the bilayer govern the kinetics of proteolytic removal of EMRE. In particular, hydrophobic substitutions in EMRE's TMH, which would favor membrane partitioning by 2-4 kcal/mol (19, 20, 26) , greatly impede proteolysis of unassembled EMRE. Recent single-molecule analysis of the bacterial ClpX (27-31), another member of the AAA+ protein superfamily, provides clear examples of how energy-dependent processes can serve as rate-limiting steps of protein degradation; it was shown that hydrolysis of only one ATP can readily unfold an unstable protein, but hundreds of futile hydrolysis cycles may be required before a more stable substrate is successfully unfolded, leading to slower kinetics.
Identification of protease-resistant EMRE variants allowed an examination of the impact of excessive EMRE on uniporter function. We expected to observe accumulation of Ca 2+ -leaky MCU-EMRE subcomplexes upon overexpression of EMRE. However, HEK293 cells expressing higher than normal levels of EMRE exhibit no mitochondrial Ca 2+ uptake at low Ca
2+
, suggesting that all channels are fully regulated in MCU-EMRE-MICU1 complexes. Loss of this regulation is observed if MICU1 expression is reduced threefold, a condition in which MCU-EMRE subcomplexes begin to form, as excess EMRE acts as a sponge for MICU1. This result suggests that tissues with low MICU1 abundance would be particularly susceptible to unbalanced EMRE levels, thereby disrupting physiological Ca 2+ regulation by the uniporter (32 (12) . Moreover, a recent study shows that mouse phenotypes induced by MICU1 KO can be suppressed by EMRE haploinsufficiency that reduces the population of deregulated uniporters (33) . In this regard, a proteolytic mechanism that enforces a balance of EMRE and MCU levels might emerge in evolution to safeguard against such detrimental conditions.
Finally, we hasten to note that while this work was in review, Langer and colleagues (34) reported the same proteolytic pathway as found here. Our two studies are complementary. On one hand, the two approaches adopt distinct strategies to induce excessive EMRE expression (deletion of mAAA-protease genes vs. expressing protease-resistant EMRE mutants), but obtain essentially the same molecular outcome (accumulation of the MCU-EMRE subcomplex). On the other hand, our study explores the mechanism by which mAAA proteases preferentially digest unassembled EMRE, whereas Langer and colleagues extensively document the pathological consequences of EMRE overexpression in mouse models. Collectively, these results provide a comprehensive picture, from molecular to whole-organism levels, of how a proteolytic pathway supports mitochondrial Ca 2+ homeostasis by regulating the highly dynamic process of uniporter subunit assembly in animal multicellularity.
Materials and Methods
Cell Culture, Transient Expression, Mutagenesis, and Gene Knockout. HEK293 and HeLa cells were grown in DMEM supplemented with 10% FBS. SH-SY5Y cells (ATCC) were grown in a 1:1 mixture of Eagle's minimum essential medium and F12 medium with 10% FBS at 37°C, 5% CO 2 . Uniporter genes were cloned into pcDNA3.1(+), with site-directed mutagenesis performed using QuikChange (Agilent). Cells were harvested for analysis 2 d after transfection using Lipofectamine 3000 (Life Technologies). Gene knockouts used CRISPR/Cas9 (35) . MCU-KO, EMRE-KO, and ME-KO cell lines were described previously (11) . MICU1-KO lines used here were confirmed by sequencing and Western blots.
EMRE Knockin, RNA Interference, and qPCR. Stable knockdowns and EMRE knockin were by lentivirus methods using pLKO.1 puro (Sigma) and pLJM1-EGFP (Addgene plasmid 19319), respectively. Virus was titered with a p24 ELISA kit (Clontech). Cells were incubated with virus 12 h at multiplicity of infection of 5-20 and exposed to 2.5 μg/mL puromycin for 2 d and maintained in the presence of 0.25 μg/mL puromycin. At least two independent shRNAs (sequences in SI Materials and Methods) were used for gene knockdown.
Gene knockdown efficiency was evaluated by qPCR. Whole cell RNA was extracted using TRIzol, with residual DNA removed using the TURBO DNAfree kit (Life Technologies). First-strand cDNA synthesis used M-MuLV reverse transcriptase [New England Biolabs (NEB)] and treatment with RNaseH (NEB). qPCR used SsoFast EvaGreen Supermixes (Bio-Rad) with 0.5 μM primers and 5 ng cDNA. Real-time detection was done using a PTC-200 thermal cycler and a Chromo4 detector (Bio-Rad), with the following protocol: 95°C for 30 s, 45 cycles of 95°C for 5 s, and 60°C for 5 s. Primer sequences are provided in SI Materials and Methods. ΔCt (change in threshold cycle) was calculated by subtracting Ct for β-actin from Ct for the genes of interest. Three independent RNA extractions and qPCR measurements were performed to obtain mean ΔCt. ΔΔCt is the difference between mean ΔCt for WT cells and knockdown cell line. qPCR results are reported as the fraction of mRNA in knockdown cells relative to the mRNA level in WT control, using the equation f mRNA = 1/2 jΔΔCtj .
Cycloheximide-Chase Experiments and Western Blots. In a typical cycloheximidechase experiment, 50 μg/mL cycloheximide was added to HEK293 cells. At desired times, cells were lysed with ice-cold RIPA buffer (Santa Cruz Biotechnology) supplemented with protease inhibitors (Roche cOmplete, EDTAfree) and quantified by BCA (bicinchoninic acid) assay. For Western blots, proteins were transferred to nitrocellulose or PVDF membranes and blocked by 5% milk or 3% BSA in TBS, and then incubated with primary antibody diluted in TBST (TBS + 0.05% Tween-20). The primary antibody and dilution are as follows: MCU (Sigma, HPA016480; 1:2,000), EMRE (Santa Cruz, 86337; 1:400), β-actin (Santa Cruz, 69879; 1:1,000), MICU1 (Sigma, HPA016480; 1:2,000), FLAG (Sigma, F1804; 1:5,000), Letm1 (Abcam, ab55434; 1:2,000), SPG7 (Santa Cruz, sc-514393; 1:1,000), YME1L1 (Proteintech 11510-1-AP; 1:1,000), and AFG3L2 (Proteintech 14631-1-AP; 1:4,000). Mouse monoclonal anti-C8 and anti-1D4 antibodies, produced in house, were used at 50 ng/mL. For colorimetric detection, the membrane was incubated with alkaline phosphatase-conjugated secondary antibodies (1:5,000 in TBST), and exposed to NBT/BCIP substrates (Life Technologies). Fluorescence detection was used for experiments demanding higher sensitivity. Low-fluorescence PVDF membranes were incubated with goat anti-rabbit IRDye 680RD (1:5,000 in TBST, Li-Cor) for detecting EMRE and MICU1, or goat anti-mouse IRDye 800CW (1:15,000 in TBST, Li-Cor) for β-actin and MCU. For either detection method, serial dilution of cell lysate was first performed to determine the linear range of detection. . This mechanism prevents sequestration of MICU1 in the EMRE-MICU1 subcomplex, making MICU1 available to gate the MCU-EMRE subcomplex (Right). MICU2 was omitted from this picture for clearer presentation.
Fluorescence was detected using a Li-Cor Odyssey imager and quantified using ImageStudio software (version 5.0). Colorimetric signals were analyzed using ImageJ. Because the β-actin signal varies by less than 20% during the whole time course of cycloheximide chase, we directly normalized EMRE signals to time-zero sample, which was not treated with cycloheximide.
Coimmunoprecipitation and Blue Native PAGE. Coimmunoprecipitation (Co-IP) experiments were used to probe MCU-EMRE interactions. Confluent HEK293 cells were lysed in 0.5-mL ice-cold solubilization buffer (SB) (100 mM NaCl, 20 mM Tris, 1 mM EGTA, 25 mM DDM, pH 7.5-HCl) supplemented with protease inhibitor mixture (Roche cOmplete, EDTA-free). The cell lysate was clarified by centrifugation, and a small portion of the sample was taken for whole cell lysate analysis. C8 antibody-conjugated Sepharose beads (25 μL) were added to the sample for 1 h to bind MCU, which was tagged with a C-terminal C8 epitope (PDRPEGIEE). The beads were washed with 2.5-mL SB and eluted with 150 μL SDS-gel loading buffer for Western blot. C8 affinity gels were produced using 20 mg C8 antibody per 1 g of Sepharose 4B.
Blue native PAGE (36) used the Novex NativePAGE Bis-Tris gel system (Thermo Fisher). A 200-μg mitochondrial sample was dissolved in 20-μL NativePAGE buffer with digitonin and G-250 added to 5% and 0.5%, respectively. Electrophoresis was run at 4°C (100 V), followed by transfer to 0.22-μm PVDF membranes. After destaining by acetic acid/methanol, the membrane was subjected to Western blot analysis.
EMRE Degradation in Isolated Mitochondria. Mitochondria were isolated from MCU-KO cells as described (11) and suspended in 250 mM sucrose, 10 mM Hepes-KOH, pH 7.2. Substrates for ATP production (1 mM ADP, 10 mM succinate, 5 mM NaP i ) and/or FCCP (2 μg/mL) were added when required. The suspension was gently agitated at 37°C incubator for various times, and spun down and lysed with RIPA buffer for Western analysis.
Mitochondrial Ca 2+ Uptake Assays. HEK293 cells were grown at 30-40% confluency and transfected with 1 μg EMRE expression vector. At desired times, 100 μL of the reaction mixture was dumped into 5 mL ice-cold wash buffer (WB) (PBS + 1 mM EGTA), and vacuum-filtered through 0.45 μm nitrocellulose membranes (EMD-Millipore). Membranes were washed immediately with 5 mL ice-cold WB, and counted in scintillation vials.
For the fluorescence-based Ca 2+ flux, EMRE-KO HEK293 cells cultured in 10-cm dishes to 30-40% confluency were transfected with 10 μg expression vectors. After incubation for 2 d, 10 7 cells were suspended in 10 mL Ca 2+ flux wash buffer (120 mM KCl, 25 mM Hepes, 2 mM KH 2 PO 4 , 1 mM MgCl 2 , 50 μM EGTA, pH 7.2-KOH), pelleted at 1,000 × g for 5 min, and resuspended in 2.5 mL recording buffer (120 mM KCl, 25 mM Hepes, 2 mM KH 2 PO 4 , 1 mM MgCl 2 , 5 mM succinate, pH 7.2-KOH). A total of 2 mL of suspension was loaded into a stirred cuvette in a Hitachi F-2500 spectrophotometer (excitation: 506 nm, emission: 532 nm) at 37°C. Reagents were added into the cuvette in the following order: 0.5 μM calcium green 5N (Life Technologies), 30 μM digitonin (Sigma), 15 μM CaCl 2 , and 2 μM Ru360 (Santa Cruz). Ca 2+ uptake activity is reported as the slope of a linear fit to the fluorescence signal in the first 10 s after addition of CaCl 2. All experiments were repeated at least three times using at least three independent transfections. All data points represent mean ± SEM of three to eight independent measurements.
